Abstract
Introduction
Under-actuated ship system has gradually been becoming a focus in the researches of autonomous mobile vehicles. Among all the corresponding work, how to make it precisely track the desired trajectory is one of the most difficulties, and absorbs many researchers' attentions [1] . Up to now, many tracking control algorithms of under-actuated ship is obtainable using back-stepping, Lyapunov direct method and parameter inject method, etc.
Articles [2] and [3] have introduced two exponential stable tracking control algorithms using timeinvariant discontinuous feedback and integrator back-stepping technique, respectively. However, one of the common disadvantages of these two methods is that they both require the desired yaw rate always nonzero. That means, the USV system using controller in [2] and [3] can't track strait line. References [4] and [5] use input-output feedback linearization technique to realize the tracking control of USV system, but the performance of the controller depends on the redefined output variables, which makes these methods difficult to be used in real system, although the global gradual stability is proved in [4] .
Back-stepping technique is a recurrence controller design method, whose principle is to stabilize the system at the equilibrium point by using coordinate transformation and systematization design to simultaneously construct Lyapunov function and stabilization controller. It's common to use backstepping in ship controller designing. In reference [6] , K.D.Do designed a ship controller by using Lyapunov directive method, back-stepping and parameter injection which can follow the pre-set path at expected velocity with disturbance of wind, wave and current. Furthermore in reference [7] , a global robust controller using back-stepping and coordinate transformation was designed, and experiments were carried out with a ship model. Li Changxi [9] also designed a strait-line tracking controller with back-stepping technique, but the performance of the controller can be improved. In reference [10] , there is a modified controller compared with [9] , which is based on Li's controller and includes feedback compensation to improve the performance, but the controller can induce abrupt changes to system.
In this paper, in order to improve the closed loop performance of the algorithm in [10] , we proposed an adapt feedback coefficient to reduce the change abruptly and an acceleration feedback control law to restrain the disturbance with wind, wave and sea current. By using the new designed controller, it is easy for the USV system to realize rapid and stable strait-line tracking. This paper is organized as follows. Firstly, a brief mathematical description of the USV model, as well as the controller in [7] , is given in section II; secondly, our new proposed feedback compensation control law is introduced in section III, and its closed loop stability is proved; subsequently, in section IV, a numerical simulation is conducted and discussed to verify the feasible and validity of the proposed algorithm; finally, a conclusion is given in section V 2. Ship model and nonlinear controller 2.1. Model of ship Article [6] proposed a 3-demension degrees ship motion model in level plane: cos sin sin cos
where x, y, v,  , r and u are respectively surge position sway displacement, sway velocity, yaw angle, yaw velocity and forward speed controlled by the main thruster control system. In the following sections, we suppose the following assumption is always satisfied,
Assumption:
The forward speed is always larger and not equal to zero, i.e. u=constant>>0, v≈0, i.e., U= (u 2 +v 2 ) 1/2 ≈u. For the purpose of simplification, we consider only sway displacement y and the yaw angle φ. Also, we assume the reference path is parallel to X axis which always points to North as shown in Fig.1 . System Eq.1 can be rewritten as Eq.2 and the control object is to regulate all states to zero point,
where  is rudder control angle; T, K are maneuvering parameters;  is nonlinear parameter; ( ) r t  is the disturbance or the uncertainty.
From Eq.2, it is easy to conclude that a USV system is an under-actuated system because sway displacement y and yaw angle φ can be regulated by only one control input, i.e., rudder control angle inducing torque moment. Fig. 1 shows the relation between the USV orientation and the reference path which the USV system is required to follow.
Figure1. Path Following

Backstepping tracking control algorithm
With Lyapunov direct method and backstepping technique, Li [7] proposed a state feedback control law for the model without disturbance. Define 
where k is a positive constant to be selected later. Then 
Choose Lyapunov function as 
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We can get
So from the above equations, the controller makes the ship become global stable and follow the line path.
Disturbance attenuation
Disturbance is a typical kind of uncertainties in mobile vehicles and will influence greatly the precision of motion control. With respect to the under-actuated ship, disturbances can be wave, water flow, or wind and are difficult to be measured. Acceleration signals are equivalent with the force/moment which is the main form of disturbances for mobile robot systems and thus effective to improve the performance of disturbance attenuation for mobile robot system. This has been shown in preceding researches of the authors [11] . In this paper we will try to use the pre-filter based AFC algorithm in tracking control of under-actuated ship to attenuate the external disturbances effectively.
Suppose been proved that will result in algebra loop problem thus not realizable [11] . To solve this problem, we introduce a filter to smooth the acceleration signal. Suppose
It is clear from equation (10) that the low frequency disturbance r  could be eliminated from the system introducing dynamic feedback (9) . Furthermore, we can get the total control law as follows ( , )
Transforming the second part of the equation (11) to frequency domain, we can get
Its principle is shown in Figure 2 , and the parameter to be designed of the filter is b.
Figure 2. Schematic Diagram of Acceleration Feedback
Nonlinear controller based on back-stepping technique
Combining back-stepping technique with feedback compensation, Ma et.al [10] proposed a state feedback control law. Define 
Choose the following Lyapunov function candidate, 
where k 1 is the feedback parameter to be designed later [10] . we can get 2  2  2  1  2  3  2 3  1 3  2  1  2  1   2  2  2  2  1 1  1  1  1  1  2 
As a result, controller (16) makes system (2) globally asymptotically stable, which means, system (1) can follow the desired straight line path.
Design of feedback compensation coefficient k 1
The total controller system is denoted in Fig.3 using the concept of describing function, where N is the describing function of the nonlinear part; G (s) is the transfer function of the linear part; G f (s) is the transfer function of the feedback part; k 1 is the adaptive feedback coefficient to be designed later. A proper k 1 is very important for the convergent time of the closed loop, thus in this section, we will introduce how to design it.
When the dynamics of the system is not to be considered for designing convenient, the system can be simplified as Fig.4 , where K s is the overall gain (including the nonlinear part). From Fig.4 we can get
Set different k 1 and we will get K s by simulation. Now we set 1 1 90
which is such that equation (16) without proving the stability of the whole system. 
Numeric simulation
To prove the proposed controller, we use the model of training ship in article [4] as an example to design the controller, and compare the results of article [9] , [10] Set initial values: y 0 =3000m, φ 0 =160°, r 0 =0°/s. With software MATLAB/SIMULINK, the following simulation results can be obtained (Fig. 5-Fig. 7 ). In all figures, the red lines denote the results of our proposed method; the dash lines and the dotdashed line are the results of method [10] and [9] , respectively. From these figures, the convergent velocity of our proposed controller is much faster than the other two controllers. And Tab. 1 gives the quantitative comparisons of the convergent time and system error of different controllers. 
Conclusion
To design a strait-line tracking controller for the nonlinear under-actuated ship, back-stepping is an outstanding method. In reference [10] , authors have designed a fixed feedback gain back-stepping controller. In this article, we proposed a new control law with an adaptive feedback coefficient based on method in [10] and acceleration feedback compensation to improve the ability of attenuating disturbances due to wind, wave and sea current, etc. Finally, the simulation results with respect to a model under-actuated ship showed the performance improvement in tracking precision and convergent time.
